Metal-oxide nanowires are showing a great interest in the domain of gas sensing due to their large response even at a low temperature, enabling low-power gas sensors. However their response is still not fully understood, and mainly restricted to the linear response regime, which limits the design of appropriate sensors for specific applications. Here we analyse the non-linear response of a sensor based on ZnO nanowires network, both as a function of the device geometry and as a response to oxygen exposure. Using an appropriate model, we disentangle the contribution of the nanowire resistance and of the junctions between nanowires in the network. The applied model shows a very good consistency with the experimental data, allowing us to demonstrate that the response to oxygen at room temperature is dominated by the barrier potential at low bias voltage, and that the nanowire resistance starts to play a role at higher bias voltage. This analysis allows us to find the appropriate device geometry and working point in order to optimize the sensitivity. Such analysis is important for providing design rules, not only for sensing devices, but also for applications in electronics and opto-electronics using nanostructures networks
model, we disentangle the contribution of the nanowire resistance and of the junctions between nanowires in the network. The applied model shows a very good consistency with the experimental data, allowing us to demonstrate that the response to oxygen at room temperature is dominated by the barrier potential at low bias voltage, and that the nanowire resistance starts to play a role at higher bias voltage. This analysis allows us to find the appropriate device geometry and working point in order to optimize the sensitivity. Such analysis is important for providing design rules, not only for sensing devices, but also for applications in electronics and opto-electronics using nanostructures networks [1, 2, 3, 4, 5] . Carbon nanotubes can be used in active electronic devices [5] . Metal oxides nanowires, such as ZnO or SnO 2 , have been studied for active devices [6, 7, 8] and sensors [9] . In the field of gas sensors, metal oxide nanostructures have further proved to be highly sensitive at room temperature [10] due to their large surface over volume ratio, as compared with the commercially used thin films, which usually work at high temperatures (typically above 200
• C). This advantage opens new opportunities for low power gas sensors that will be required in the development of sensor networks for the Internet of Things [11] . However, the sensing mechanism at room temperature still remains not fully explained by current models for metal oxide based gas sensors.
One of the main difficulty in using devices based on nanowires networks lies in their complex electrical properties, due to the interplay between the conduction through individual nanowires and through the nanowire-to-nanowire junctions, in addition to the percolating conduction paths for networks with low density. Several models have been developed for highly conductive metallic nanowires networks, such as carbon nanotubes [12] or silver nanowires [13] , often neglecting the contribution of the network. In the case of semiconducting nanowires, the junctions are often of great importance, as demonstrated in Figs. 1a and 1b. The interface states at the junction lead to band bending in the semiconductor close to the junction. This band bending creates a strong change of the local resistance, and to non-linear current-voltage (I − V ) characteristics.
In the case of gas sensors, an important question in order to understand the response to gases is the influence of the core nanowire vs. the junction on the electrical conduction. Non-linear transport models have been developed for granular metal oxide films, in particular in the context of ZnO varistors [14, 15, 16, 17] . However, within these models, the response to gas was restricted to the linear regime, i.e. on the conductance [18, 19] . The full analysis of the non-linear transport regime is commonly performed for Schottky diode gas sensor [20, 21] but, to our knowledge, was never investigated for devices based on nanowires networks.
Here we extend the models of granular metal oxide films to the investigation of ZnO nanowires network gas sensor. By an analysis of devices with several geometries and measurements performed at different temperatures, we disentangle the effect of the junctions and the series resistance, coming either from the conduction along the nanowires or to the contacts. This allows us to validate the model, and extract the physical parameters of the sensor. At last we use the model in order to explain the very high sensitivity of these devices to oxygen exposure at room temperature. Oxygen is used as prototype oxidizing gas, allowing us to extract the direct dependence of the microscopic parameters on the gas concentration. This approach allows us to choose the appropriate working point of the device. The analysis is important not only for gas sensors, but more generally for devices based on nanowires networks, such as junction-based devices or transistors, in order to tailor their electrical behavior. 
Experimental

Sample fabrication
Electrical measurements and gas sensing experiments
I − V characteristics of the ZnO nanowires network devices were measured first in vacuum using a Field-Upgradeable Cryogenic Probe Station CPX Model from Lake Shore Cryotronics, Inc. The CPX was operated in the temperature range from 100 K to 400 K by using liquid nitrogen as a continuous refrigeration system and a controlled heater on the sample stage. For gas sensing, a fixed flow of oxygen and nitrogen was introduced, with a ratio controlled by mass flow controllers. A Keithley 4200 source measure unit was used to record the I − V characteristics of the nanowire-based network.
Results and discussion
Oxygen sensing results
Here we use oxygen as model gas since it is a prototype oxidizing gas [23] and we can directly relate the amount of adsorbed species to the oxygen concentration (or partial pressure). In order to minimize the series resistance, for the gas sensing experiments we use interdigitated electrodes with a gap L = 20
µm and a total contact width W = 1050 µm. The influence of the oxygen concentration on the resistance is presented in Fig. 2 (a) at various temperatures from room temperature to 360 K, showing that the sensor resistance increases when exposed to oxygen molecules as compared to nitrogen. This response is typical to oxidizing gases. In this case oxygen molecules are adsorbed on the surface, and form adsorbed O − 2 species, which are the main stable species at a temperature below 100
• C [24] , by extracting one electron from ZnO. This leads to a decrease of the carrier concentration and thus an increase of the resistance of the device. We first note here the very high response (up to 150 %) of the device even at room temperature for 5% oxygen concentration. Similar high sensitivity was already reported for oxygen sensing using ZnO nanostructures [25] , and many other gases have been successfully detected at room temperature by ZnO nanostructures [26] . shown in Fig. 2(c) , with the aim at extracting the quantities governing the microscopic conduction mechanism. In the following parts of the article we investigate in details the model that will be applied on the nanowires network device for fully understanding this non-linear behaviour.
Conduction model in nanowires network
The model that we use for metal oxide nanowires network is based on the schematic view depicted in Fig. 1(b) . We assume that the main effect of the junctions between nanowires is to locally change the potential seen by the conduction electrons, thus creating potential barriers with height Φ B . We assume a depletion of the surface, which is expected for ZnO surface, leading to a barrier potential for electrons. The current through the junctions can then be taken into account using the usual thermionic emission theory [16] , with possible influence of tunneling current in the case of narrow junctions. In addition to the barriers created at the junctions, nanowires have themselves a finite resistance, which is taken into account as a series resistance between each junction.
Using a similar approach than for granular thin films [29, 30] , the Kirchhoff law is applied is order to relate the total voltage across the network, U , and the voltage drop at a junction, U j :
where R s is the effective series resistance, taking into account both the longitudinal resistance of nanowires, the length of current path and the contact resistances, and I is the total current in the device. N j is the average effective number of junctions along the current path. Here we assume that all junctions and nanowires have uniform properties, and we can then assume that neither N j nor R s depends on the voltage. A model assuming a distribution of electrical properties would require a self-consistent calculation of the percolation paths, which would not lead to an analytical model, and goes beyond our approach.
The current across the junctions is assumed to be dominated by thermionic emission in the investigated temperature range, leading to the following current-voltage dependence:
where the two terms correspond to the two-sided junctions that lead to a symmetric non-linear behavior, which are assumed to have different values for fitting purposes as a confirmation of the symmetric behavior. q is the absolute electron charge, n is the ideality factor of the junctions, T the absolute temperature and 
The I − V curve resulting from Eq. 2 is depicted schematically in Fig. 1d , where different regimes can be distinguished [29] . At low bias voltage, the current is limited by the potential barriers created by the grain-to-grain boundaries, leading to a linear dependence with high resistance [31] . At higher voltage, thermionic emission above or tunneling of carriers through the potential barrier leads to a sublinear dependence [32, 15] . At even higher voltage, the barrier height decreases when increasing the voltage and the current increases exponentially, leading to the super-linear region. At the highest voltage, the series resistance limits the current and the I − V curve returns to a linear behaviour [33, 34, 29, 30, 35] .
The I − V characteristics in vacuum were measured in the bias range from -20 V to 20 V for multiple devices with different geometries. In order to fit the experimental data, we solve separately each branch of Eq. 2 by using the Lambert W-function:
The fitting of the experimental data with Eq. 4 allows us to determine the parameters R s , n 1 N j,1 and n 2 N j,2 , I 1 and I 2 .
In order to confirm the validity of the model, we have determined the parameters R s and nN j for a set of devices with variable geometry (i.e. various contact gap lengths L and contact widths W ) and a constant nanowire density. The variations of the fitting parameters as a function of L and W for as-deposited nanowires are shown in Fig. 3 . The most important result is the linear dependence of nN j as a function of the gap between contacts, L ( Fig. 3(a) ), while it is almost independent on the contact width, W (Fig.3(b) ). Assuming that the ideality factor of the junctions does not change from device to device, these dependencies are logically understood as the dependence of the average effective number of junctions along the current path, N j , which is expected to vary linearly as a function of the gap between electrodes, and not depend on W .
This result is a strong validation of the hypothesis that the number of junctions participating to the transport is only given by the geometry of the device. Moreover the series resistance R s shows a linear dependence as a function of 1/W , which is also expected from the geometry of the device where the resistances are combined in parallel along W . This further validates the hypothesis in using the Kirchoffs law for combining individual resistive elements. The behavior of R s as a function of L (Fig. 3(d) ) is less obvious due to the combined effect of the contact resistance (independent on L) and the number of nanowires in series (linear in L). Moreover the gap of 2 µm is smaller than the nanowire length (3 µm), where the model is not valid anymore.
In order to extract the barrier height φ B and the Richardson constant A, I − V curves were measured at different temperatures from 160 to 400 K, as
shown for a specific device in Fig. 4(a) . For each temperature, we fit the I − V characteristics with Eq. 4 in order to obtain the parameters I 1 and I 2 . I 1 and I 2 are then plotted as a function of the absolute temperature, as shown in Fig. 4(b) for three specific devices, revealing a clear exponential dependence behaviour.
From this result, a second fit with Eq. 3 is then performed in order to extract the parameters A and φ B for the different tested geometries.
The parameters A and φ B are plotted as a function of the device geometry parameters W and L in Fig. 5 . A mainly depends on the contact width W and this behaviour to the contribution of the Schottky barrier at the contact at small gap L = 2 µm since the nanowire length (3 µm in average) is then larger than this spacing. Above 5 µm, the barriers between nanowires dominate, and the extracted barrier height becomes independent on L, as expected. On the other hand φ B decreases when W becomes small. We can also attribute this behaviour to an artefact of the finite size of the device due to current paths flowing on the sides of the device for smaller values of W .
Application of the conduction model to gas sensing
We now show that the non-linear transport model described in previous part can be successfully applied to gas sensors based on nanowires networks. We analyze here the I − V curves taken at different values of the oxygen concentration in Fig. 2(c) . Each curve is fitted using the conduction model presented previously for nanowire-based networks. The extracted series resistance R s and the parameter nN j are plotted as a function of the gas concentration in Fig. 6(a) and 6(b). nN j is almost independent on the gas concentration. The independence of N j is expected since the morphology of the nanowires network remains unchanged. The absence of variation of the ideality factor n is also expected as long as the gas weakly influences the barrier height. We however point out recent studies on metal-insulator-SiC and graphene-Si diodes that have shown changes of the ideality factor under different environments or operating temperature [38, 39, 40] . The absence of dependence in our case might be related to the nature of the ZnO-ZnO homojunction vs. the usually used heterojunction. The main variation due to the gas is first on the series resistance, which increases linearly as a function of the gas concentration. This dependence will be quantitatively analyzed with the model below.
The parameters I 1 and I 2 are plotted as a function of the oxygen gas concentration in Fig. 6(c) . These parameters show an almost exponential decrease when the gas concentration increases. In order to investigate the dependence on the barrier height φ B , we assume in Eq. 3 that the Richardson constant A does not depend on the gas concentration. Indeed, A is proportional to the junction area, and depends on the semiconductor effective mass [41] , which can be assumed independent on gas concentration for a given device and a given material. We thus assume for this device a constant A extrapolated from the dependence demonstrated in Fig. 5(b) , and we use Eq. 3 to extract φ B as a function of the oxygen concentration, which is plotted in Fig. 6(d) . φ B increases logarithmically as a function of the gas concentration.
In order to explain quantitatively the dependences of φ B and R s as a function of the oxygen concentration (or partial pressure p O2 ), we have adapted existing gas sensor models to our current case of room-temperature sensing. We note that, at room temperature, the involved chemical reaction at the surface of ZnO is [24] :
with a reaction constant K O2 defined as
, ads] is the concentration of adsorbed species on the surface, p O2 the oxygen partial pressure, which is proportional to the oxygen percentage, and
[e] is the local concentration of electrons in ZnO. By approximating the barrier potential due to the depletion at ZnO surface by a square potential, with a width equals to the depletion length w and height φ B , and assuming that the donors in ZnO with concentration N d are fully ionized in the barrier, the charge neutrality equation reads [19] :
where Q ss is the ionized surface charges when no oxygen is present and N ss the surface traps density. The local electron concentration is related to the barrier height through:
and we can then write:
We note here that both the depletion length w and the surface trap density N ss depend on the barrier height through the following equations [41] :
where ε s is the permittivity of the semiconductor, E G its bandgap, φ 0 the lower energy of the surface states and φ n the difference between the Fermi level and the conduction band minimum. Due to these dependences, Eq. 9 cannot be solved analytically. However these dependencies are weak as compared to the exponential dependence in Eq. 9 and can be neglected as a first approximation, giving the following relationship between the barrier height and the oxygen partial pressure:
We note that this expression is not valid when p O2 → 0, since then (N d w − N ss ) → 0 and the ratio
We however know that Φ B remains finite when p O2 → 0, so that
and lim
For this purpose we assume the following simple dependence:
and Eq. 12 writes:
where A, B = k B T and C are constants. As shown in Fig. 6d , we obtain a very good fit of the data with Eq. 15, with the value of B = 27 ± 1 meV very close to k B T = 25.9 meV at 300 K, thus validating our assumptions and the proposed model.
The same model can also be applied for the resistance along ZnO nanowires.
In the hypothesis where the nanowire diameter is much larger than the Debye length, λ D D, the change of the nanowire resistance is directly due to the change of effective nanowire diameter due to the depletion:
Using the function described above for expressing the barrier height as a function of the oxygen partial pressure with Eq. 10 we deduce:
which we can use in Eq. 16. We have fitted the data of Fig. 6(a) with the dependence of Eq. 16 and the dependence of Φ B deduced from Fig. 6(d) , showing that the dependence of R s can be successfully reproduced as well.
This analysis shows that this simple analytical model works well for ZnO nanowires network gas sensors. This is an important result which allows the direct analysis of the sensing behaviour of the device as well as the prediction of the sensitivity as described below.
Sensitivity of the nanowires network gas sensor
At last, an important analysis in order to provide design rules for the sensor is to evaluate the relative contribution of the change in R s and the change in φ B on the gas sensor response. We note that, from Eq. 4, the global response of the current as a function of
, at a given bias voltage U can be split into: 
Conclusion
In conclusion, we demonstrate a new approach for analyzing the gas sensing response of metal oxide nanowires networks, by proposing a model where we can independently extract the contribution of the series resistance of the nanowires and the barrier height of the junctions between nanowires. By investigating devices with different geometries, we show that the measurements obtained on networks of ZnO nanowires match with a very good accuracy the expected equations. We further use this model to investigate the microscopic origin of oxygen sensing in this nanowires network based gas sensor. The influence of the gas on both the series resistance and the nanowire junctions are disentangled, demonstrating that the very high sensitivity at room temperature is related to the barrier height modulation. In the future, this new approach can be extended to other materials and other gases in order to tailor the re-sponse of sensing devices based on nanowires networks. Varying the geometry is an important factor that could change the conduction and sensing regime of nanowires networks, which could be used as an important tool for tayloring the response and/or performances beyond simple geometrical factors.
